Foamy virus (FV) replication, while related to that of orthoretroviruses, differs at a number of steps. Several of these differences involve the reverse transcriptase (RT). There appear to be fewer RTs present in FV than in orthoretroviruses; we previously proposed that the polymerase of FV RT was more active than orthoretroviral RTs to compensate for the numerical difference. Here we present further characterization of the RT of FV. The polymerase activity of FV RT was greater than that of human immunodeficiency virus type 1 RT in a variety of assays. We also examined the RNase H activity of FV RT, and we propose that FV RT has a basic loop in the RNase H domain. Although the sequence of the basic loop of FV RT is different from the basic loop of either Moloney leukemia virus RNase H or Escherichia coli RNase H, the FV RT basic loop appears to have a similar function.
Foamy viruses (FVs) are retroviruses (subfamily Spumaretrovirinae) but are in some ways distinct from typical retroviruses. The organization of the gag, pol, and env genes in the FV genome is the same as in orthoretroviruses and, like orthoretroviruses, FVs convert their single-stranded RNA genomes into integrated double-stranded DNA proviruses flanked by two long terminal repeats (LTRs), using the enzymes reverse transcriptase (RT) and integrase (IN). However, FVs have distinct features that set them apart from orthoretroviruses. Several of these differences involve either reverse transcription or the RT enzyme itself. In orthoretroviruses, such as human immunodeficiency virus type 1 (HIV-1), RT converts the single-stranded RNA genome into double-stranded DNA after the virion enters the target cell (8) . In contrast, a significant portion of FV particles contain double-stranded DNA (39, 41) . Inhibitor studies make it clear that it is the virions with DNA genomes that infect the target cells, indicating that FV RT must be active in the cells producing the viral particles (27, 41) .
Orthoretroviruses use a single full-length RNA transcript as the mRNA for both the gag and pol genes. Translation of the full-length RNA produces both the Gag and Gag-Pol polyproteins (8) . Approximately 20 Gag proteins are produced for every Gag-Pol fusion protein (8) . Gag self-assembles to form viral particles; during virus assembly, the Gag portion of the Gag-Pol fusion protein interacts with the Gag proteins. This is how the Pol proteins are incorporated into virions; the resulting virions have approximately 50 to 100 Gag-Pol polyproteins per particle (14, 18, 28, 38) . However, in an FV-infected cell, the Pol polyprotein is made independently from Gag; Pol is translated from a spliced message (13, 19, 39) . The FV Pol polyprotein is proteolytically processed; however, it undergoes only limited processing. There is a single protease cleavage between RT and IN which releases IN and a protease-RT fusion protein (30) . Protease is not cleaved from RT. The mechanism for packaging FV Pol protein into the virion appears to involve interactions of FV Pol with specific sequences in the RNA genome (17) . The number of Pol proteins within the virion appears to be significantly lower than for orthoretroviruses (2, 3, 15, 16, 17) . FV particles may contain as few as two RT molecules (one RT bound at each specific genomic site) to carry out the conversion of the single-strand RNA genome into double-stranded DNA, compared to 50 to 100 RT proteins in an orthoretrovirus virion. In HIV-1, it takes approximately 20 to 30 enzymatically active RTs to successfully carry out reverse transcription (20) .
Since there are relatively few RT proteins in the FV particle compared to that in orthoretroviruses, we proposed that the polymerase of FV RT would be more efficient than orthoretroviral RTs, such as HIV-1 RT, to overcome this numerical disadvantage (31) . Retroviral RTs have two enzymatic activities, polymerase and RNase H, which cleaves the RNA strand of an RNA-DNA duplex. These two enzymatic activities are both necessary and sufficient for RT to convert the single-stranded viral RNA genome into doublestranded DNA. We previously reported that the polymerase activity of the RT from the simian FV-chimpanzee (human isolate) (previously designated human FV and now designated prototype FV [PFV]) was more processive than HIV-1 RT using a DNA template (31) . We report here additional analysis of the polymerase activity and RNase H activity of PFV RT and compare these activities to the corresponding activities of HIV-1 RT and Moloney leukemia virus (MLV) RT.
MATERIALS AND METHODS
37°C. Aliquots were removed at the indicated time points, and the reaction was halted by addition of 2ϫ gel loading buffer. The reaction products were fractionated on a 15% polyacrylamide sequencing gel. Products were visualized by exposure to X-ray film.
RESULTS
Polymerase activity. As described in the introduction, PFV RT remains covalently joined to the protease (PR) after proteolytic maturation of the virion (30) . We have expressed a PFV PR-RT fusion protein in Escherichia coli in which the PR is inactivated by an amino acid substitution in the active site (D24A). This protein was designated D/A PFV RT and was shown to have significantly greater processivity than HIV-1 RT when DNA was the template (31) . The processivity assay measures the lengths of extension products from a single cycle of polymerization, because there is a nonradioactive trap present in the reaction. We measured the lengths of the extension products generated in the absence of an unlabeled trap at various time points. A 5Ј-end-labeled DNA primer was annealed to single-stranded M13mp18 DNA and extended by either HIV-1 RT or D/A PFV RT, called hereafter FV RT. The M13mp18 DNA used as the template in these experiments was a single-stranded circle 7,249 nucleotides (nt) in length. After 10 min, the majority of extension products generated by HIV-1 RT were less than 1,500 nt in length (Fig. 1) ; FV RT had synthesized products over 4,000 nt long. The results were similar for other time points (Fig. 1) , and the results were reproducible with different batches of FV RT and HIV-1 RT (data not shown). After 15 min, FV RT extended the primer all the way around the circular M13mp18 template and had begun to displace the 5Ј end of the primer strand (data not shown). At FIG. 1. DNA-dependent DNA polymerase activity of FV RT and HIV-1 RT. A 5Ј-end-labeled DNA primer was annealed to a singlestranded M13mp18 DNA template and extended with either HIV-1 RT or FV RT for the lengths of time indicated. Samples were precipitated with ethanol and then fractionated on a 2.0% alkaline agarose gel. After electrophoresis, the gel was neutralized and dried as described in Materials and Methods. The products were visualized by autoradiography. The size marker was 5Ј-end-labeled 1.0-kb marker from New England Biolabs.
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We examined the ability of the enzymes to extend a 5Ј-endlabeled DNA primer when RNA was the template. As described in Materials and Methods, the template RNA was transcribed from the HIV-1 LTR using T7 RNA polymerase. The resulting RNA has the same polarity as HIV-1 genomic RNA. A 5Ј-end-labeled DNA primer complementary to the PBS sequence in the HIV-1 genome was annealed to the RNA template and extended with either HIV-1 RT or FV RT in the presence of various concentrations of HIV-1 NC (kindly provided by Louis Henderson). In the orthoretrovirus virion, the RNA genome is coated by NC. It has been suggested that NC may aid in strand transfer, probably by stimulating nucleic acid annealing, and may help RT pass through regions of secondary structure by destabilizing hairpin structures in the RNA (reference 8 and references therein). However, it is also possible that NC may hinder processivity, particularly in regions without significant secondary structure, because RT must displace NC from the RNA as it is polymerizing. In our experiments, extension of the primer to the end of the template strand would result in a full-length product of 680 nt. As shown in Fig.  2 , in a 10-min reaction FV RT extended the primer to the end of the RNA template, while the largest HIV-1 RT products synthesized were 300 nt. In the absence of NC, the two RTs behaved somewhat differently when they encountered RNA secondary structure (0.0 M NC lane). After incorporating approximately 95 nt, the enzymes reached the 3Ј end of a secondary structure designated the poly(A) hairpin (9) and, after incorporating approximately 142 nt, the 3Ј end of the TAR hairpin (for review, see reference 8). HIV-1 RT has a tendency to pause at such hairpins and, when paused, has a greater probability to disassociate from the T/P (8) . FV RT also paused at the base of hairpins; however, the paused products were 1 or 2 nt shorter for FV RT than for HIV-1 RT (Fig.  2) . Similar results were obtained in experiments done with different batches of HIV-1 RT and FV RT (data not shown).
The enzymes also differed in their ability to extend the primer in the presence of HIV-1 NC. At the lowest concentration of NC where, on average, there was one NC bound every 70 nt, no differences were seen in the products produced by either RT compared to those produced in the absence of NC (Fig. 2) . At the highest concentration of HIV-1 NC (one NC molecule bound for every 7 nt of RNA template), the amount of extended product for HIV-1 RT was greatly reduced (Fig. 2 ). It appears that there was a significant inhibition of the initiation of polymerization by HIV-1, presumably because NC bound to the T/P and interfered with the binding of HIV-1 RT. However, for FV RT, the amount of full-length product was somewhat higher in the presence of HIV-1 NC than in the absence of HIV-1 NC. This suggests FV RT binds strongly to the T/P and can effectively compete with HIV-1 NC. Similar results were obtained with different batches of HIV-1 RT (data not shown).
Pyrophosphorylysis. Polymerization is the addition of a deoxynucleoside triphosphate (dNTP) (or dNTP analog) to a primer. This increases the length of the primer by 1 nt, with the concomitant release of a pyrophosphate (PP i ). The reverse of the polymerase reaction is pyrophosphorylysis: the primer is shortened by 1 nt and PPi is added to the released nucleotide, generating a dNTP (or dNTP analog). Thus, polymerase activity and PPi pyrophosphorylysis activity should be related. The resistance of HIV-1 to AZT is the result of enhanced pyrophosphorylysis. However, for AZT-resistant HIV-1 RT, FIG. 2. RNA-dependent DNA polymerase activity of FV RT and HIV-1 RT. The clone PPT-PBS (An) has been previously described (4) , and a brief description is given in Materials and Methods. The RNA template has the same sequence as the HIV-1 RNA genome and contains sequences from PPT, U3, R, U5, and PBS. A DNA primer complementary to the PBS was 5Ј-end labeled and annealed to the RNA. The primer was extended as described in Materials and Methods. NC was added to give the concentrations indicated before RT was added to the reaction mixture. The 3Ј end of the poly(A) hairpin is approximately 95 nt from the 5Ј end of the primer, while the 3Ј end of the TAR hairpin is approximately 142 nt from the 5Ј end of the primer. the biologically relevant pyrophosphate donor appears to be ATP rather than PP i (e.g., references 7, 25, and 26 and references therein). The basic reaction is similar to PP i pyrophosphorylysis; however, when ATP is used as the pyrophosphate donor, a dinucleoside tetraphosphate is the excision product. FV replication in tissue culture is sensitive to AZT (27, 31, 32, 34, 41, 42) . We measured the ability of FV RT to catalyze pyrophosphorylysis with either ATP or NaPP i as a pyrophosphate donor. Pyrophosphorylysis was measured as the ability to remove an AZT nucleotide analog blocking the 3Ј end of a primer, which then allowed the primer to be extended to the end of the template strand, generating a full-length product. As shown in Fig. 3 , FV RT was more efficient at removing an AZTMP from the end of the primer than was HIV-1 RT when PP i was the pyrophosphate donor. Since this type of pyrophosphorylysis is the reverse of DNA synthesis, the higher level of PP i -dependent pyrophosphorylysis matches the higher polymerase activity of FV RT than of HIV-1 RT (31) (see above).
When the pyrophosphate donor was ATP, the products of the forward reaction (polymerization) were not the same as the substrates for the excision reaction (ATP-dependent pyrophosphorylysis). Wild-type HIV-1 RT is able to bind ATP and use it as a pyrophosphate donor in an excision reaction (7, 25, 26) . As shown in Fig. 3 , despite the greater polymerase activity of FV RT compared to HIV-1 RT, the level of pyrophosphorylysis with ATP as the pyrophosphate donor was slightly lower for FV RT than for HIV-1 RT. This suggests that the ability of HIV-1 RT to bind ATP and use it in an excision reaction may be fortuitous; FV RT, despite its higher level of polymerase and PP i -mediated pyrophosphorylysis activity, is no better than HIV-1 RT in carrying out ATP-mediated pyrophosphorylysis. Since FV requires high polymerase activity to generate infectious virus, its modest ability to excise AZT from a blocked primer using ATP as the pyrophosphate donor has implications for the development of AZT resistance (see Discussion).
Strand transfer. One of the key reactions RT must carry out is transfer between templates (strand transfer) (Fig. 4A) . The first strand transfer in reverse transcription depends on the polymerase activity and on a second enzymatic activity, that of RNase H, which degrades RNA only when it is part of an RNA-DNA heteroduplex (8) . We generated a model substrate for strand transfer by annealing a 5Ј-end-labeled DNA primer to an RNA template (Materials and Methods). The sequence of the donor strand was chosen to avoid any problems with hairpin DNA synthesis; experiments in which the acceptor strand was omitted from the reaction clearly showed no hairpin DNA was synthesized (data not shown). The DNA primer can be extended to the end of the RNA template to produce a full-length product. RNase H activity degrades the RNA template, allowing the extended DNA primer to anneal to a DNA template present in the reaction. After this annealing occurs, the primer can be extended to yield a larger strand transfer product (Fig. 4B) . In the reaction, the full-length product, which depends only on polymerase activity, accumulates first. After RNase H degrades the RNA template and the primer anneals to the second template, the strand transfer product, whose synthesis is dependent on the enzymatic activities of both polymerase and RNase H, begins to appear. If the original RNA template is not degraded (RNase H Ϫ ), the primer cannot be extended beyond the end of the original RNA template and only the full-length product will be generated.
As shown in Fig. 4B , HIV-1 RT was able to extend almost all of the primer to the end of the RNA template in 5 min, and some strand transfer product was produced. By 45 min, most of the full-length product had been extended to produce the strand transfer product. In contrast, after 5 min, the majority of the DNA synthesized by FV RT was strand transfer product. This result can be explained in part by the higher polymerase activity of FV RT compared to HIV-1 RT. However, it also suggests that FV RT has a relatively high RNase H activity, since the starting RNA template must be degraded before the DNA template can be annealed and the strand transfer product synthesized.
RNase H activity. When HIV-1 RT binds an RNA-DNA T/P such as is shown in Fig. 5A , the 3Ј end of the DNA primer is located at the polymerase active site and the RNase H active site contacts the RNA template approximately 17 to 18 nt from the polymerase active site (for review, see reference 8). When RNase H cleaves the RNA strand, the initial cleavages occur approximately 17 nt from the polymerase active site. These FIG. 3 . NaPP i -and ATP-dependent pyrophosphorylysis. As described in Materials and Methods, a DNA primer was 5Ј-end labeled and then annealed to a DNA template. AZTMP was incorporated at the 3Ј end of the primer by polymerization with HIV-1 RT in the presence of AZT triphosphate. After purification, the T/P was incubated with either HIV-1 RT or FV RT in the presence of dNTPs and either ATP or NaPP i as the pyrophosphate donor. Pyrophosphorylysis was measured as the ability of the RT to excise the AZT group blocking the primer and extend the primer to the end of the template strand. The amount of total label in the sample and the amount of label in the full-length product were determined with a phosphorimager, and the data are expressed as a percentage of the full-length product. Experiments were done in duplicate, and the results were quite reproducible. Data from a representative experiment are shown.
RNase H AND POLYMERASE ACTIVITIES OF FOAMY VIRUS RT 6115 cleavages have been designated the Ϫ17 family of cleavages (8). HIV-1 RT then alters its interactions with the T/P so that the RNase H domain cleaves the RNA strand approximately 8 nt from the 3Ј end of the primer (Ϫ8 cleavages). We compared the RNase H activity of FV RT to HIV-1 RT using model substrates. For the initial assay, RNase H activity was measured by annealing a 5Ј-end-labeled RNA to a smaller DNA primer (Fig. 5A) . Because the RNase H activity of FV RT had not been previously measured, two concentrations of enzyme were tested (Fig. 6) . The labeled RNA substrate was 60 nt in length. As expected, HIV-1 RT produced both the Ϫ17 and the Ϫ8 family of cleavages (Fig. 6) . The RNase H of FV RT cleaved the substrate at sites similar to the Ϫ17 and Ϫ8 cleavages made by HIV-1 RT (Fig. 6 ). FV RT also made a third family of cleavages between the Ϫ17 and Ϫ8 sites, which we have designated Ϫ12 (Fig. 6) . At high concentrations of FV RT (375 ng), products smaller than 8 nt in length were also detectable; such small products were not seen in the HIV-1 RT digests. There was also a small amount of a larger cleavage product that was detected only in the FV RT reactions that was less than 60 nt in length but was significantly larger than the products generated by the Ϫ17 family of cleavages. This product appears to result from cleavages in the poly(A) region of the template RNA; however, the origin of these cleavages is not clear. It should also be noted that HIV-1 RT made two predominant cleavages in both the Ϫ17 and the Ϫ8 positions, while FV RT has only one predominant cleavage in the Ϫ17 and Ϫ8 positions; there was one predominant cleavage at the Ϫ12 position as well. Although there are similarities, the RNase H cleavage patterns of HIV-1 RT and FV RT are different. To try to understand the basis of these differences, we compared the RNase H sequence of FV RT to MLV RT and to HIV-1 RT (Fig. 7A) .
The RNase H domain of MLV RT has a basic loop similar to the basic loop of E. coli RNase H (Fig. 7A) (6, 23, 37) . This basic loop has a role in binding the nucleic acid substrate (6, 23, 37) . The RNase H of HIV-1 RT does not have a related basic loop. The sequence of the RNase H domain of FV RT was compared to the other RT sequences using the RNase H active site amino acids to guide the alignment. The basic loop region of the MLV RNase H domain and E. coli RNase H is shown in Fig. 7A . The most striking feature was the presence of three basic amino acids (-RRR-in the MLV RNase H and -KKR-in E. coli RNase H) near the N terminus of the loop. There are other basic amino acids in the basic loop, but the amino acid positions are not as well conserved between the two proteins. In contrast, the FV RNase H domain only has one basic amino acid at this location (Fig. 7A) . The RNase H of FV does have a group of three lysine residues that are in positions similar to two lysine residues in E. coli RNase H (Fig. 7A) . The alignment suggests that FV RT has a basic loop, but it appears to be somewhat different than the basic loop in MLV RT and E. coli RNase H.
When sequencing was done in the FV RNase H domain, differences were noted between our sequence (Fig. 7C ) and the published sequence (Fig. 7B , Medline loci HSU21247 and NC_001736). Our sequence has one more guanosine at codon 723 and one less adenosine residue at codon 734. In all, 11 amino acids are different in our sequence than in the published sequence, although none of the amino acids appears to be part length) is annealed to an RNA template (wavy line). Extension of the primer by the polymerase to the end of the RNA template will give a full-length product (designated as a) that is 40 nt in length. The RNA strand in the RNA-DNA duplex is then degraded by the RNase H activity of the RT, allowing the transfer of the DNA strand to a new template (thick line). Further extension of the labeled DNA to the end of the second template will give a strand transfer product (designated as b) that is 63 nt in size. (B) Strand transfer assay. As described, a DNA primer was 5Ј-end labeled and annealed to an RNA template. The primer was extended by either FV RT or HIV-1 RT for the indicated lengths of time in the presence of dNTPs and a second DNA oligonucleotide, designated the acceptor template. Extension of the primer to the end of the RNA template generates the full-length product (labeled a). Extension to the end of the acceptor template yields the strand transfer product (labeled b). The time necessary to generate the full-length product is dependent only on the polymerase activity of the RT, while that for the strand transfer product is dependent on both the polymerase and the RNase H activities of the enzyme. of the RNase H active site. Our FV RT was derived from the human spumaretrovirus 13 molecular clone, which is infectious (24).
We compared the RNase H activities of FV and MLV RTs. As shown in Fig. 8 , MLV RT also had three regions of RNase H cleavage rather than the two seen for HIV-1 RT. In a previous report, a slightly different substrate was used, and the three families of cleavages were not as well resolved (6) . Although both RTs make three families of cleavages, there were clear differences in the cleavages made by the FV and MLV RTs. FV RT made one predominant cleavage at each of the three positions. MLV RT made two primary cleavages at the Ϫ17 position; one matched the position cleaved by FV RT, while the other was 1 nt closer to the polymerase active site. MLV RT made one predominant cleavage at the Ϫ12 and Ϫ8 locations, but both products appeared to be 1 nt closer to the polymerase active site than the cleavages made by FV RT (Fig.  8) . For both MLV RT and FV RT, it appears that the Ϫ17 cleavages are made first, followed by the Ϫ12 and Ϫ8 cleavages. Taken together, the data suggest that the basic loop of MLV RT has a role in the Ϫ12 cleavages and that the basic region of the FV RT RNase H domain also functions as a basic loop, leading to Ϫ12 cleavages (see Discussion).
We compared RNase H activities of HIV-1 RT and FV RT with a different set of substrates in which a short 5Ј-end-labeled RNA was annealed to a longer DNA. The sequences were derived from the PPT/U3 sequences of either the HIV-1 genome (Fig. 5B) or the FV genome (Fig. 5C ). While the cleavage that defines the 5Ј end of the FV PPT has not yet been determined, the boundary between the PPT and U3 is known. The labeled RNA spans the PPT/U3 boundary in both substrates. As seen in Fig. 9 , the enzymes cleaved the substrates differently. When HIV-1-derived sequences were used, HIV-1 RT produced two major cleavages, which were located near the junction between the HIV-1 PPT/U3 sequences ( Fig. 5B  and 9 ). FV RT produced a family of products resulting from cleavages within the 5Ј end of HIV-1 U3; the products were larger than those produced by HIV-1 RT (Fig. 5B and 9 ). There were also smaller products resulting from cleavages within the HIV-1 PPT region. When FV-derived sequences were used as the substrate, FV RT produced a large cleavage product that corresponded to a cleavage near the FV PPT/U3 junction and smaller products derived from cleavages within the FV PPT. In contrast, HIV-1 RT produced a series of products resulting from cleavages within the FV PPT region and did not have the larger cleavage product resulting from a cleavage at the FV PPT/U3 junction ( Fig. 5C and 9) . 
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DISCUSSION
As described in the introduction, orthoretroviruses, such as HIV-1, have approximately 50 to 100 Pol proteins per particle (14, 18, 28, 38) . In contrast, there are relatively few FV RT molecules in the virion to carry out the conversion of the single-strand FV RNA genome into a double-strand DNA (16, 17) . We previously proposed that the RT of FV would need to be more efficient than HIV-1 RT to overcome this numerical disadvantage, and initial characterization of the polymerase activity of FV RT, using a DNA template, showed that FV RT was more processive HIV-1 RT (31). Here, we report additional analysis of the polymerase activity of FV RT and a characterization of the RNase H activity of FV RT.
In polymerase assays, using either RNA or DNA as the template, FV RT produced longer extension products than did HIV-1 RT. The longer products could be the result of two mechanisms: either FV RT catalyzes the polymerization reaction faster than does HIV-1 RT, or FV RT binds more tightly to the T/P than HIV-1 RT and disassociates less frequently. These mechanisms are not mutually exclusive, and it appears (Fig. 5B) or FV genome sequences (24) (Fig. 5C) around the PPT/U3 boundaries. The substrates were incubated with HIV-1 RT or FV RT for the indicated lengths of time. The distance from the 5Ј-end label to the HIV PPT-U3 junction is approximately 15 nt, while the distance from the 5Ј-end label to the FV PPT-U3 junction is approximately 24 nt. that both are involved in efficient polymerization by FV RT. Evidence for greater polymerization activity was found in the DNA-dependent DNA polymerase assay (Fig. 1) , the RNAdependent DNA polymerase assay (Fig. 2) , the PP i -dependent pyrophosphorylysis assay (Fig. 3) , and the strand-transfer assay (Fig. 4) . In all the assays, FV RT and the HIV-1 RT were present at molar excess compared to the T/P. The ability of the enzyme to remain bound to the T/P should not be a critical factor in these assays, since there is an excess of RT ready to bind to any free primer end and begin polymerization. In some respects, this is similar to orthoretrovirus particles, where 50 to 100 RT molecules are available to initiate DNA synthesis from the two tRNAs bound to the dimeric RNA genome. In all assays, FV RT produced larger products than HIV-1 RT, suggesting FV RT polymerizes more efficiently than HIV-1 RT.
The polymerase data also show that FV RT and HIV-1 RT interact with the extended template strand differently. In our previous experiments, FV RT produced a slightly different pattern of products than did HIV-1 RT when DNA was the template (31). We report here that there are subtle differences when RNA is the template (Fig. 2) . RTs tend to pause at sites where there are secondary structures. The RNA template used in these experiments was derived from the LTR of HIV-1 and contained the poly(A) hairpin and the TAR hairpin (8) . FV RT appeared to pause at a location slightly further away from hairpins than did HIV-1 RT (Fig. 2) . One possibility is that the fingers and palm subdomains of FV RT protrude further 5Ј of the polymerase active site than do the fingers and palm of HIV-1 RT. This would cause FV RT to encounter a secondary structure sooner than HIV-1 RT, and the pause site would produce a slightly smaller extension product.
There are also differences in the effects of HIV-1 NC on HIV-1 RT and FV RT. As described in the introduction, depending on the amount of secondary structure in the template, NC can help or hurt polymerization by RT. In our assay, high concentrations of NC impaired the ability of HIV-1 RT to extend the primer on an unstructured template. The NC on the RNA template has to be displaced by HIV-1 RT as it is polymerizing, and high concentrations appear to be detrimental to polymerization in our assay. The overall band pattern, however, of the products generated by HIV-1 RT did not appear to be greatly affected by the addition of HIV-1 NC (Fig. 2) . This suggests that NC did not completely destabilize the hairpins in the RNA we used. In contrast, HIV-1 NC had little effect on the quantity of DNA synthesized by FV RT; the presence of HIV-1 NC may increase the efficiency of FV RT polymerase. FV Gag protein is minimally processed by FV PR (30) and, therefore, FV does not have a free NC, as do HIV-1 and other orthoretroviruses (8) . However, there is a glycine-arginine motif near the C terminus of the FV Gag protein that has nucleic acid binding activity (40) ; whether this binding activity would be similar to that of HIV-1 NC and increase the efficiency of polymerization by FV RT is not known. We believe that the effects of HIV-1 NC on polymerization by HIV-1 RT and FV RT reflect how well the different RTs bind to the T/P and that FV RT is better able to compete with HIV-1 NC for the nucleic acid substrate.
Pyrophosphorylysis, which has also been called the excision reaction, has been well characterized as a mechanism of resistance to AZT in mutant variants of HIV-1 RT (references 7, 25, and 26 and references therein). If AZTMP has been incorporated at the 3Ј terminus of the primer strand, HIV-1 RT can use a pyrophosphate donor to excise the AZTMP, freeing the end of the primer for elongation. Several studies have indicated that, for HIV-1 RT, the in vivo pyrophosphate donor is probably ATP rather than PP i (7, 25, 26) . Wild-type HIV-1 RT has the ability to use ATP to excise AZTMP from the primer (with moderate efficiency), indicating that wild-type HIV-1 RT can bind ATP, albeit relatively inefficiently. The presence of AZT resistance mutations, most notably T215Y/F, increases the ability of HIV-1 RT to bind ATP, thus increasing the ability of the mutant enzyme to excise the AZTMP (7, 25, 26) . We suggest that ATP-dependent AZTMP excision became a preferred pathway for AZT resistance in HIV-1 RT precisely because wild-type HIV-1 RT has a nascent ability to bind ATP. This could allow for the evolution of resistance via excision: the AZT resistance mutations improve the ATP binding ability of HIV-1 RT and increase the efficiency of the excision reaction. FV is also sensitive to AZT, and it has proven difficult to isolate FV that is resistant to AZT (C. R. Stenbak and M. L. Linial, unpublished results). When we compared the ability of FV RT and HIV-1 RT to excise AZTMP using ATP as the pyrophosphate donor, FV RT was slightly less efficient than HIV-1 RT, even though FV RT has greater polymerase activity. Our data suggest that FV RT can also bind ATP and use it for pyrophosphorylysis, but at a slightly lower level than HIV-1 RT. What is more important than the absolute level of ATPdependent excision is the comparison of the rate of the forward (polymerase) reaction and the rate of the excision reaction for FV RT. Resistance to AZT requires that the excision of AZT be more efficient, in relative terms, than its incorporation during polymerization. Because FV RT is a very efficient polymerase, resistance via pyrophosphorylysis requires very efficient excision. We previously described a mutation in FV RT (V313 M) that retained a relatively high level of polymerase activity (50% of wild-type FV RT). However, viruses containing the mutant RT replicated poorly and were unable to generate significant levels of full-length DNA products (31) . In a similar manner, the modest level of ATP-dependent AZT excision present in wild-type FV RT is probably too low to remove the AZTMP from the end of the primer quickly enough to compensate for the efficient incorporation of AZTTP by FV RT. We propose that the basal level of ATP-dependent AZT excision of wild-type FV RT would need to be significantly higher to favor this mechanism for the development of AZT resistance. These data reinforce the idea that, in vivo, it is unlikely that PP i is the pyrophosphate donor. FV RT is more efficient than HIV-1 RT in excising AZTMP using PP i . This efficient PP i -dependent excision is related to the greater polymerase activity of FV RT (PP i -mediated pyrophosphorylysis is the reverse of the polymerase reaction). However, this efficient PP i -dependent pyrophosphorylysis is not sufficient to give AZT resistance within the cell; FV is sensitive to AZT (27, 31, 32, 34, 41, 42) .
There are differences in the cleavages made by the RNase H of FV RT compared to that of HIV-1 RT. The RNase H of HIV-1 RT produces two families of cleavages: the Ϫ17 family and the Ϫ8 family. With the same T/P substrate, FV RT produces three families of cleavages. These three families of cleavages are similar to the three cleavages made by MLV RT. We VOL. 78, 2004 RNase H AND POLYMERASE ACTIVITIES OF FOAMY VIRUS RT 6119
suggest that the most likely explanation for the difference between the cleavages made by HIV-1 RT and FV and MLV RT is the presence of an extra nucleic acid binding region, the basic loop, in the RNase H domain of FV RT and MLV RT that is not present in HIV-1 RT (Fig. 7A) . However, it is clear from the sequence comparison that the basic loop of FV RT differs considerably from the basic loop of MLV RT (Fig. 7A) . The basic loop in MLV RT is important for the polymerase and RNase H activities (6, 23, 37) , and it is probable that the basic loop of FV RT also contributes to efficient binding of the nucleic acid substrate. As discussed above, if only a few FV RT proteins were present in the viral particle, tight binding of the nucleic acid substrate would appear to be essential for the proper conversion of the RNA genome into double-stranded DNA.
Others have shown, using RNA-DNA substrates in which the 5Ј-end-labeled RNA is shorter than the DNA it is annealed to, that the RNase H activity of HIV-1 RT progressively cleaves toward the labeled 5Ј end of the RNA (11, 12, 22, 29) . We designed similar substrates in which the DNA contains the entire PPT region and part of the U3 region of either HIV-1 or FV. The RNA spans the PPT-U3 boundary. The crystal structure of HIV-1 RT bound to an RNA-DNA substrate containing the PPT region of HIV-1 has distortions within the PPT, which may help to direct HIV-1 RNase H cleavage to the PPT-U3 boundary (35) . Distortions may be present in the PPT even in the absence of HIV-1 RT (21) . As the RNase H activity of either HIV-1 or FV RT progressively degrades toward the labeled 5Ј end of the RNA, it will encounter the PPT. We examined the pattern of cleavages made by HIV-1 RT and FV RT RNase H on the PPT substrates derived from the FV and HIV genomes and asked whether the enzymes were able to specifically cleave at the U3/PPT boundary. Each RT was able to recognize its own PPT with reasonably good specificity; however, neither enzyme cleaved the noncognate PPT appropriately. It is clear from these data that FV RT and HIV-1 RT interact with the same nucleic acid substrates in different ways, and it is likely that the overall structures of the RNA-DNA heteroduplexes that contain the cognate PPT sequences play a major role in determining where the RNase H of the two enzymes cleaves the RNA templates.
A question that is harder to answer is how the overall RNase H activity of FV RT compares to that of HIV-1 RT. A part of the problem is that the answer will depend on the nature of the substrate(s) used to compare the activities. As described above, we believe that the polymerase of FV RT is more active than the polymerase of HIV-1 RT, because it is likely that there are only a few molecules of FV RT present in the virion. RNase H activity is also required for retroviral replication; however, it would appear that HIV-1 virions have a significant excess of RNase H activity (3) . Given this fact, is the overall RNase H activity of FV RT significantly greater than that of HIV-1 RT? From the assays we have done, the RNase H activity of FV RT appears to be only slightly higher than that measured for HIV-1 RT. This conclusion is based on the relative rates of cleavage of a standard RNA-DNA template (Fig.  6) . The difference between FV and HIV-1 RT RNase H activities does not appear to be as large as the difference between the respective polymerase activities. The idea that there is a significant excess of RNase H activity in HIV-1 RT (and HIV-1 virions) is also supported by the observation that the RNase H activity of HIV-2 RT is much lower than the RNase H activity of HIV-1 RT (36) . For this reason, it may not be surprising that the level of RNase H activity of FV RT is not significantly higher than that of HIV-1 RT.
